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 2 
Abstract 26 
1) Macroinvertebrate assemblages of temporary ponds are ideal model systems to 27 
explore biodiversity patterns and metacommunity ecology. Additionally, the study 28 
of the environmental variables driving such biodiversity patterns is essential in 29 
establishing proper guidelines for the conservation of the singular fauna of 30 
temporary ponds, especially since such ponds are vulnerable systems. 2) We 31 
analysed the macroinvertebrate assemblages and environmental characteristics of 80 32 
ponds spread across the Doñana National Park, SW Spain in order to i) analyse 33 
macroinvertebrate β-diversity and metacommunity structure; and ii) discern the 34 
main environmental and spatial drivers of these patterns. 3) The pond network was 35 
highly heterogeneous as temporary ponds were highly variable. Macroinvertebrate 36 
β-diversity partitioning showed that species replacement made the greatest 37 
contribution to total β-diversity while the contribution of nestedness was small. The 38 
macroinvertebrate community structure and β-diversity were similarly driven by: 39 
electrical conductivity (and co-variables alkalinity, pH, and ion concentrations), 40 
plant richness (and the co-variable pond surface area), maximum depth, marsh, and 41 
coastal proximity as well as two spatial descriptors extracted from Moran’s 42 
eigenvector maps. The spatial descriptors indicated that large interpond distances 43 
were involved, suggesting that species dispersal limitations only take place over 44 
long distances in the area. 4) Those taxa that departed from the general nested 45 
pattern, termed idiosyncratic, significantly contributed to the maintenance of high 46 
pond network diversity through the species replacement and occurred within 47 
particular environmental conditions in the pond network. 5) These results reveal that 48 
environmental heterogeneity and connectivity are key factors in the preservation of 49 
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 3 
high macroinvertebrate diversity in nested pond networks with high numbers of 50 
idiosyncratic species. 51 
Introduction 52 
The metacommunity is an emergent concept that considers the impact of the exchange 53 
of species in heterogeneous environments (Leibold et al., 2004; Urban & Skelly, 2006). 54 
Temporary ponds, which are characterised by annual inundation-desiccation cycles 55 
(Williams, 1997), are ideal model systems to study metacommunity ecology given their 56 
simple structure, local abundance, and occurrence in pond networks that demonstrate 57 
clear environmental gradients (Vanschoenwinkel et al., 2007; Pandit et al., 2009). 58 
Although temporary ponds are widely distributed worldwide (Williams et al., 2001), 59 
their high biodiversity contrasts with their sensitivity and vulnerability to external 60 
perturbation, which has led to great interest in their conservation over the last years 61 
(Williams et al., 2001; Zacharias et al., 2007; Céréghino et al., 2008). In addition, 62 
temporary ponds harbour singular flora and fauna that are often exclusive or 63 
infrequently found in permanent ponds (Collinson et al., 1995; Williams, 1997; 64 
Céréghino et al., 2008). In particular, their singular macroinvertebrate species can adjust 65 
their life cycles to the annual period of pond inundation (hydroperiod), re-starting 66 
community assembly after each year’s initial inundation (Bazzanti et al., 1996; Boix et 67 
al., 2004; Florencio et al., 2009).  68 
In metacommunity ecology, β-diversity, which is the variation in species composition 69 
among sites in a geographical area (Legendre et al. 2005; but see e.g. Tuomisto, 2010; 70 
Anderson et al., 2011), is a key concept for understanding ecosystem functionality from 71 
a management and conservation perspective. In pond networks, environmental 72 
heterogeneity has been revealed as crucial in supporting high biodiversity (Urban, 2004; 73 
Jeffries, 2005) and also in driving patterns of nested biodiversity, in which species-poor 74 
Page 3 of 35 Insect Conservation and Diversity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Review Only
 4 
sites contain subsets of species-rich sites, particularly in those systems with good 75 
conservation statuses (Hylander et al., 2005; Florencio et al., 2011). Hence, the study of 76 
those species that depart from the expectations of nested biodiversity patterns, which 77 
occur more or less frequently than would be predicted in a nested system (termed 78 
idiosyncratic), is currently receiving great interest in applied ecology (e.g. Florencio et 79 
al., 2011). In order to better understand the ecological processes maintaining high 80 
ecosystem diversity, β-diversity should be partitioned between 1) the β-diversity 81 
associated with non-random species loss in nested systems; and 2) the β-diversity 82 
associated with true species replacement (Baselga, 2010). It is essential to disentangle if 83 
β-diversity is driven by species replacement or nestedness in order to make appropriate 84 
conservation decisions. If the former is the driver, it would prioritize the conservation of 85 
a large number of sites with variable richness and environmental conditions, whilst the 86 
latter would prioritize the conservation of the richest sites (Baselga, 2010). 87 
One of the main debates in metacommunity ecology involves the relative importance of 88 
deterministic, niche-based process (e.g. environmental filters) versus stochastic 89 
ecological process (e.g. dispersal filters) in community assembly (Chase & Meyers, 90 
2011). Water chemistry and the physical characteristics of ponds each have an 91 
important influence on macroinvertebrate composition and abundance in wetlands 92 
(Wissinger, 1999; Williams, 2006). Conductivity is one of the most frequent chemical 93 
descriptors of macroinvertebrate communities (Garrido & Munilla, 2008; Waterkeyn et 94 
al., 2008). In particular, acidic water has negative effects on macroinvertebrate species 95 
diversity (Radke et al., 2003). Although nutrient concentrations have controversial 96 
effects, they usually negatively impact species occurrences at high levels (Declerck et 97 
al., 2005). Applying the theory of island biogeography (MacArthur & Wilson, 1967) to 98 
lakes and ponds, high macroinvertebrate and plant species richness is harboured in large 99 
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 5 
ponds (Friday, 1987; Nicolet et al., 2004). Interpond distances can also affect the 100 
incidence of species in particular pond assemblages as a result of species dispersal 101 
limitations (Briers & Biggs, 2005; Sanderson et al., 2005).  102 
We explored the main drivers of β-diversity and community structure in a 103 
macroinvertebrate metacommunity in a pond network of excellent conservation status. 104 
This is a highly dynamic system in which thousands of ponds fill and desiccate 105 
annually, with only a few ponds retaining water during the summer. The novelty of our 106 
work resides in the fact that we obtained comparable data on macroinvertebrates in 80 107 
ponds distributed across an extensive area. We hypothesised that 1) there is high 108 
biodiversity in the macroinvertebrate metacommunity, with species replacement and 109 
nestedness being the main contributors to β-diversity; 2) environmental variability is 110 
key in mantaining such high macroinvertebrate diversity in the pond network; and 3) 111 
both random (i.e. dispersal) and deterministic processes (i.e. environment) are operating 112 
together in the macroinvertebrate assembly. To evaluate these hypotheses, we used data 113 
from 80 ponds, collected over a single season, to analyse 1) if β-diversity was mainly 114 
sustained by nestedness or by species replacement, and 2) if spatial connectivity and 115 
environmental variability had an important influence on macroinvertebrate structure and 116 
β-diversity.  117 
Methods 118 
Study area  119 
Doñana National Park (SW Spain) is one of the most pristine wetlands in Europe; it was 120 
included in the RAMSAR convention in 1982 and was later designated as a World 121 
Heritage Site by UNESCO in 1995. This area is located between the mouth of 122 
Guadalquivir River and the Atlantic Ocean. In the park, there is a clear 123 
geomorphological distinction between the ancient northern area and the southern area, 124 
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 6 
locally known as “Marismillas”, which has a more recent marine origin (Siljeström et 125 
al., 1994). The three main types of landscapes are: a sandy area with stabilized dunes, a 126 
mobile dune system, and an extensive marsh area (see Siljeström et al., 1994 for a 127 
detailed geomorphological description of the area). The climate is Mediterranean sub-128 
humid, with mild winters, hot and dry summers, and heavy rains falling mainly in 129 
autumn or winter (mean annual rainfall= 544.6 (SD 211.3) mm with significant 130 
interannual variability, see Díaz-Paniagua et al., 2010).  131 
This area contains a pond network that is comprised of more than 3000 water bodies in 132 
wet years and that is mainly composed of temporary ponds spanning a wide range of 133 
hydroperiods (Díaz-Paniagua et al., 2010). These ponds are fed by annual rainfall and a 134 
shallow water table that rises above the surface after heavy autumn or winter rainfall 135 
and they generally dry out during summer (Díaz-Paniagua et al., 2010). The ponds are 136 
heterogeneous in surface area, depth, and hydroperiod and are very abundant in the 137 
stabilized dunes and areas of contact between the three types of landscapes (Díaz-138 
Paniagua et al., 2010). In Doñana, there are only two large permanent (or semi-139 
permanent) ponds, which only occasionally dry out after successive years of severe 140 
drought. There are also artificially deepened ponds (hereafter referred to as zacallones, 141 
the local name) that supply water for cattle and wild fauna during summer. They are 142 
present across the whole park but are the main water bodies present in the southern 143 
areas. In the contact area between the stable dunes and the marsh, there are ponds filled 144 
by the running water of intermittent streams that mainly flow towards the marsh after 145 
heavy rains (hereafter referred to as caños, the local name). This study included ponds 146 
that are representative of those in the study area and that were randomly selected across 147 
the entirety of the park: 46 temporary ponds, one of the two semi-permanent ponds, 27 148 
Page 6 of 35Insect Conservation and Diversity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Review Only
 7 
zacallones, and 6 caños; we have grouped them according to their location in the 149 
northern or southern areas of the park (Fig.1).  150 
Macroinvertebrate sampling and taxon identification 151 
We carried out a single survey of 80 ponds (late March-middle June of 2007) spread 152 
across the whole of Doñana National Park (SW Spain) in order to analyse the 153 
environmental and spatial effects operating over the minimum time window in which all 154 
sites could be visited. We determined the presence or absence of macroinvertebrates 155 
using a dip-net (39 × 21 cm, 1 mm mesh size) and netting across a stretch of water of 156 
approximately 1.5 m length in each sampling unit. In each pond, we sampled all 157 
different available microhabitats, based largely on differences in aquatic plant cover and 158 
depth (Heyer et al., 1994). As the efficiency of dip-netting increases in small ponds 159 
(Heyer et al., 1994), we took more samples in larger ponds, which also typically 160 
contained a higher number of microhabitats, in order to achieve a comparable effort in 161 
detecting rare species (samples per pond ranged from 3-13). Sampling appropriateness 162 
was supported by a previous study in which similar results were obtained for sample-163 
based rarefaction and raw data (see Florencio et al., 2011 for details). Most 164 
macroinvertebrates were identified in situ and then released again into the pond. Only 165 
unidentified individuals were preserved in 70% ethanol for later identification in the 166 
laboratory. We identified individuals to the species or genus level, except for 167 
Basomatophora, Diptera, Oligochaeta, and saldid bugs, which were identified to the 168 
family level (see Appendix 1 for the detailed taxonomic list). For those species for 169 
which we identified larvae and adults, we considered both stages separately in our 170 
analyses because of their different environmental requirements; they are thus referred to 171 
as taxa-stages in our data.  172 
Environmental variables in the extensive macroinvertebrate survey 173 
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 8 
In order to characterize the environmental gradients in Doñana ponds, we considered 174 
different groups of variables.  175 
A) Environmental variables  176 
In the field, we visually identified all the different plant taxa (species or genus level) per 177 
pond in order to estimate plant richness (Rplant). Maximum water depth (Max depth) 178 
was measured at the deepest point of the pond with a graduated pole. Pond surface area, 179 
the total number of ponds with an extension > 150 m
2
 into a 200m buffer area around 180 
each pond, and the total flooded surface area in a 200m buffer area around each pond 181 
were extracted from a GIS-based map of ponds obtained from a hyperspectral image 182 
taken at a moment of high inundation of the area (see Gómez-Rodríguez et al., 2008 for 183 
details). We recorded in situ pH (near the bed using HANNA HI 991000), dissolved 184 
oxygen concentration (near the bed using YSI 550A), electrical conductivity at 20ºC 185 
(EC) (near the bed using HANNA HI 9033) and turbidity (in the water column using 186 
HANNA HI 93703-11). Surface water (500 ml) was collected to determine nutrient 187 
concentrations (dissolved inorganic phosphate, nitrate, nitrite, and ammonium), 188 
alkalinity, and main cation and anion concentrations (Cl
-
, Na
+
, Ca
2+
, K
+
 and Mg
2+
). Ion 189 
concentrations were analysed using a Trace Inductively Coupled Plasma Mass 190 
Spectrometer (ICP), while nutrient concentrations were measured colourimetrically 191 
using an Auto Analyser (Bran+Luebbe). Alkalinity was analysed according to the 192 
titration method described in APHA (1998). Surface sediment samples (5 cm depth) 193 
were collected and the following variables were measured in the laboratory: organic 194 
matter (three replicates; lost on ignition, 450 ºC, 5 h) and sediment total P (two 195 
replicates). Sediment total P was estimated using dissolved inorganic phosphate 196 
obtained following the method of Murphy and Riley (1962), in which the ignited 197 
sediment undergoes acid digestion with 0.5 M H2SO4 and K2S2O8 (0.5–1 g) at 120 ºC 198 
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 9 
for 4h (Golterman, 2004). The total Fe concentration in digested sediment (two 199 
replicates) was determined colourimetrically by means of o-phenantroline and using 200 
ascorbic acid as the reducing agent (Golterman, 2004). The Na
+
/Ca
2+
 ratio was 201 
measured because of its biological implications in regulating processes associated with 202 
the acid-base balance of the organisms (Radke et al., 2003). We did not use nitrite and 203 
nitrate concentrations in the analyses because most values were negligible (range <0.15-204 
0.60 mg l
-1
). 205 
B) Marsh-coast distance variables  206 
In order to account for the influence of potential external sources of organisms (see e.g. 207 
Fahd et al. 2007), we measured the minimum linear distances from each pond to the 208 
border of the marsh (Dmarsh) and the coast (Dcoast); these distances were also 209 
estimated using the GIS pond map (see Gómez-Rodríguez et al., 2008 for details).  210 
C) Spatial variables 211 
Seventy-nine orthogonal spatial descriptors based on interpond distances were 212 
generated using Moran’s eigenvector maps (MEMs) in R software 2.11.1 (R 213 
Development Core Team 2010) (‘spacemakeR’ package, Dray, 2010; see Dray et al., 214 
2006), which provide a general framework of principal coordinates of neighbour 215 
matrices (PCNM, see Borcard & Legendre, 2002). The spatial descriptors extracted 216 
from the MEMs were ordered from V1 to V79, i.e. from the highest to the lowest 217 
eigenvalues. A selection of spatial descriptors that controlled for Type I error in the 218 
analyses was carried out according to Peres-Neto & Legendre (2010). The number of 219 
spatial descriptors was reduced using the ‘ortho.AIC’ command in R software 2.11.1 (R 220 
Development Core Team 2010) (‘spacemakeR’ package, Dray, 2010). Only significant 221 
spatial descriptors with positive eigenvalues were considered in the analyses described 222 
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below (RDA analyses and variation partitioning) in order to evaluate the effect of 223 
interpond distances on the structure of macroinvertebrate assemblages.  224 
Statistical analyses  225 
We constructed a pond-characteristic matrix with the values of the environmental and 226 
marsh-coast distance variables. Additionally, each group of variables (environmental, 227 
marsh-coast distance, and spatial) was considered in three individual matrices. Each 228 
variable had been previously transformed to approximate normality (Appendix 2). In 229 
order to obtain the pond-characteristic resemblance matrix, Euclidean distance was 230 
applied to the pond-characteristic matrix (Legendre & Legendre, 1998). Finally, we 231 
constructed a macroinvertebrate matrix that included the number of samples in which 232 
every taxa-stage was present divided by the total number of samples taken in a pond. 233 
The Bray-Curtis index was applied to the macroinvertebrate matrix in order to obtain 234 
the macroinvertebrate resemblance matrix (Legendre & Legendre, 1998). Subsets of the 235 
macroinvertebrate matrix were extracted for the main taxonomical orders Coleoptera, 236 
Heteroptera, and Odonata.  237 
In order to visualize the environmental variability in pond characteristics, we 238 
represented the pond dissimilarities by performing non-metric multidimensional scaling 239 
(NMDS) in PRIMER version 6 (Clarke & Warwick, 2001) on the pond-characteristic 240 
matrix. 241 
We calculated the mean pair-wise macroinvertebrate β-diversity (βsor) in our extensive 242 
sampling survey data in order to analyse macroinvertebrate β-diversity in the study area. 243 
The Sørensen index was applied to the presence-absence data (Legendre & Legendre, 244 
1998). Using R software 2.11.1 (R Development Core Team 2010), we partitioned βsor 245 
into β-diversity associated with species replacement (βsim) and β-diversity associated 246 
with nestedness (βnes) using the pair-wise measure approach described in Baselga 247 
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(2010). In short, the total dissimilarity between each pair of ponds (βsor) was 248 
partitioned into two additive components accounting for dissimilarity due to species 249 
replacement (βsim) and dissimilarity due to nestedness (βnes), respectively, following 250 
the formula βsor =  βsim + βnes (Baselga, 2010). We also performed β-diversity 251 
partitioning using monthly macroinvertebrate assemblages of 22 of the temporary ponds 252 
for two years with different rainfalls (see Florencio et al., 2009; 2011 for a detailed 253 
description of macroinvertebrate sampling). As we obtained similar results, these data 254 
are not presented here for the sake of simplicity. 255 
In order to detect which environmental variables influenced the macroinvertebrate 256 
assemblage structure of ponds, we performed constrained ordination using redundancy 257 
analysis (RDA) in R software 2.11.1 (R Development Core Team 2010) (‘vegan’ 258 
package, Oksanen et al., 2010) on each of the environmental, marsh-coast distance, and 259 
spatial variable matrices and the macroinvertebrate matrix and, independently, on the 260 
Coleoptera, Odonata and Heteroptera matrices. In the RDA analyses, we excluded taxa-261 
stages that occurred in less than five ponds (30% of total species number) in order to 262 
avoid the disrupting effect of rare species (Leps & Smilauer, 2003). In order to exclude 263 
co-variables found to have poor explanatory power in RDA analyses, we performed 264 
Spearman rank correlations (rs) between each pair of environmental variables 265 
(Appendix 2). We used a forward stepwise procedure to select environmental variables, 266 
as described in Blanchet et al. (2008). Variation partitioning was performed in R 267 
software 2.11.1 (R Development Core Team 2010) (‘vegan’ package, Oksanen et al., 268 
2010) in order to measure the independent effects of environmental, marsh-coast 269 
distance, and spatial variables (see Borcard et al., 1992); only explanatory variables 270 
found to be significant were extracted from RDA analyses and included. In our 271 
variation partitioning, we used the adjusted multiple coefficient of determination 272 
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(Adj.r
2
), as required when matrices have different numbers of variables (Peres-Neto et 273 
al., 2006). Significances were tested using Monte Carlo permutation tests (999 274 
permutations). 275 
After the RDA analyses were performed, the influence of the significant explanatory 276 
variables on particular taxa-stages and assemblages was analysed by performing a 277 
LINKTREE analysis in PRIMER version 6 (Clarke & Warwick, 2001) on the 278 
macroinvertebrate matrix (our parameterization used three as the minimum group size 279 
and four as the minimum split size). SIMPROF analyses retained divisions significant at 280 
the 0.05 level and yielded a dendrogram of the results, otherwise known as a linkage 281 
tree (Clarke et al., 2008). The pair-wise differences between each group of 282 
macroinvertebrate assemblages detected by the linkage tree were assessed using one-283 
way ANOSIM analysis (ANOSIM statistic R is close to one when groups are 284 
completely different). We determined which taxa-stages contributed the most to these 285 
pair-wise differences (>10% of contribution) using one-way SIMPER analysis in 286 
PRIMER version 6 (Clarke & Warwick, 2001). 287 
In order to explore the relative influence of environmental variables on the partitioning 288 
of β-diversity, we used multiple regression on distance matrices (MRM), an extension 289 
of Mantel test (Legendre et al., 1994). Spearman correlations (rs) were used in the 290 
MRM analyses. Significant explanatory variables were identified using a forward-291 
selection procedure (Legendre et al., 1994). The significance of MRM models was 292 
assessed using 1000 permutations and only the most significant non-correlated variables 293 
were retained within each group of variables (spatial descriptors, environmental and 294 
marsh-coast distance variables). We constructed three successive models: 1) the spatial 295 
model, which used significant spatial descriptors to measure spatial influences on β-296 
diversity; 2) the spatial/environmental model, which used significant environmental 297 
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variables in addition to spatial descriptors to obtain partial effects; 3) the 298 
spatial/environmental/marsh-coast distance model, which added significant marsh-coast 299 
distance variables to the previous model. All these calculations were performed using R 300 
software 2.11.1 (R Development Core Team 2010; ‘ecodist’ package, Goslee & Urban, 301 
2007). 302 
Results 303 
Variability in pond characteristics  304 
The NMDS representation of the environmental variables of the sampled ponds 305 
revealed a heterogeneous pond network (Fig.2). Northern ponds, which were mainly 306 
temporary, evidenced their high environmental variability when compared with 307 
southern ponds, which were mainly zacallones (Fig.2).  308 
Macroinvertebrate β-diversity partitioning  309 
We recorded 135 taxa-stages across the 80 study ponds, with an average of 23.5 (SD 310 
8.5) taxa-stages per pond. Using our extensive macroinvertebrate survey, we found that 311 
β-diversity was important in the study area (pond average of βsor=0.65 (SD 0.11)). In 312 
β-diversity partitioning, species replacement contributed more to β-diversity (pond 313 
average of βsim=0.52 (SD 0.14)) than nestedness (pond average of βnes=0.13 (SD 314 
0.10)). 315 
Pond environmental variables influencing macroinvertebrate community structure 316 
The significant explanatory variables influencing pond macroinvertebrate compositions 317 
detected by RDA analyses were EC, Rplant, and Max depth among the environmental 318 
variables; both Dmarsh and Dcoast; and two spatial descriptors with high eigenvalues, 319 
V2 and V5. These high eigenvalues implied large interpond distances were involved 320 
(Table 1). EC had the greatest effect on the macroinvertebrate community (Table 1).  321 
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Coleopterans averaged 10.8 (SD 5.2) taxa-stages per pond. We found that three groups 322 
of environmental variables had important effects on the structure of coleopteran 323 
assemblages. EC, Max depth, and Pond surface area were the significant environmental 324 
explanatory variables; both marsh-coast distance variables, Dmarsh and Dcoast, were 325 
significant; and only the spatial descriptor V5 had a significant effect among the spatial 326 
variables (Table 1). Odonatan assemblages (average= 2.4 (SD 2.1) taxa per pond) were 327 
significantly explained by Alkalinity and Dmarsh; no spatial descriptors were 328 
significant explanatory variables (all P>0.36, Table 1). For heteropteran assemblages 329 
(average= 7.1 (SD 2.8) taxa-stages per pond), EC, Rplant, Max depth, Na
+
/Ca
2+
 ratio, 330 
and the total number of ponds with an extension > 150 m
2 
into a 200m buffer area 331 
around each pond were significant environmental explanatory variables; no marsh-coast 332 
distance variables or spatial descriptors were significant explanatory variables (all 333 
P>0.09, Table 1). 334 
Variation partitioning analyses revealed that environmental variables (EC, Rplant and 335 
Max depth) had a more important effect on macroinvertebrate assemblage structures 336 
than marsh-coast distance and spatial variables (Table 2). Environmental variables were 337 
also the most important explanatory variables in coleopteran (EC, Max depth and Pond 338 
surface area), odonatan (Alkalinity), and heteropteran assemblages (EC, Rplant, Max 339 
depth, Na
+
/Ca
2+
 ratio in water column, and the total number of ponds with an extension 340 
> 150 m
2 
into a 200m buffer area around each pond) (Table 2). There were no 341 
significant independent effects of marsh-coast distance variables and spatial descriptors 342 
on the structure of odonatan and heteropteran assemblages (Table 2).  343 
Pond macroinvertebrate assemblages and environmental thresholds 344 
The linkage tree differentiated 16 pond groups based on differences in EC, Max depth, 345 
Dcoast, Dmarsh, Rplant, and pond macroinvertebrate assemblages. Macroinvertebrate 346 
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assemblages associated with these pond groups differed in their contribution to the 347 
global dissimilarity of the whole macroinvertebrate community (Fig.3). Fourteen taxa-348 
stages were the main contributors to pond assemblage differences along a generalist-349 
specialist gradient; species ranged from occurring in several different types of 350 
environments to only being recorded under specialised conditions (Fig.3). Four 351 
generalist taxa-stages occurred under multiple environments (adults of Corixa affinis 352 
Leach, 1817; adults of Anisops sardeus Herrich-Schäffer, 1849; larvae of Cloeon Leach, 353 
1815 spp.; and larvae of Notonectidae); another five taxa-stages were favoured by 354 
narrower environmental conditions (Sympetrum fonscolombei (Selys, 1841) larvae; 355 
Chironomus plumosus (Linneo, 1758) larvae; Anacaena lutescens (Stephens, 1829) 356 
adults; Gerris thoracicus Schummel, 1832 adults; and Gerris spp. larvae). Five further 357 
specialist taxa-stages were the main species contributing to the differentiation of ponds 358 
with particular characteristics: adults of Hydrobius fuscipes (Linnaeus, 1758) and 359 
Limnoxenus niger (Zschach, 1788) as well as Corixidae larvae and Culicidae larvae 360 
mainly occurred in shallow waters; Plea minutissima Leach, 1817 adults mainly 361 
occurred in deep ponds far from the coast with poor Rplant; and Sigara lateralis (Leach, 362 
1817) adults were also common in deep waters with poor Rplant but that were close to 363 
the coast and far from the marsh (Fig.3). Sympetrum fonscolombei larvae, Gerris spp. 364 
larvae, G. thoracicus adults, A. lutescens adults, H. fuscipes/ L. niger adults, Corixidae 365 
larvae, C. plumosus larvae, Culicidae larvae, and P. minutissima adults made the 366 
greatest contributions to the global dissimilarity of the community, whilst S. lateralis 367 
adults contributed the least (Fig.3). 368 
Environmental variables driving the macroinvertebrate β-diversity pattern 369 
Among the variables included in the MRM analyses, only NH4 influenced the βnes 370 
pattern observed in the pond network (rs= 0.13, r
2
=0.017, P<0.05). With respect to the 371 
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explanatory variables of βsim involved in β-diversity, two spatial descriptors with high 372 
eigenvalues (V1 and V5) were found to be significant variables in the spatial model 373 
(Table 3). In the spatial/environmental model, V5 and Alkalinity had the highest 374 
coefficients and thus best explained the βsim values (Table 3). In the spatial/ 375 
environmental/ marsh-coast distance model, V5 and Alkalinity were retained and shared 376 
similar, high coefficients that revealed their influence on βsim (Table 3). The spatial/ 377 
environmental/marsh-coast distance model, which included the highest number of 378 
significant variables, explained 9% of variation in βsim (r
2
=0.09, Table 3).  379 
Discussion 380 
Environmental variability 381 
The high dissimilarity detected in the environmental characteristics of Doñana ponds 382 
reveals this system to be highly heterogeneous; this pattern is particularly due to the 383 
wide variability observed among temporary ponds, which are the most abundant aquatic 384 
habitats in this area. Although the artificially deepened ponds (zacallones) in the 385 
southern area of the park were more similar in their environmental characteristics, they 386 
widely differed from northern water bodies, thus increasing the heterogeneity of the 387 
total pond network. The long hydroperiod of these zacallo es extends the temporal 388 
availability of aquatic habitats in the area and thus they act as reservoirs for species 389 
typical of temporary ponds, mainly macroinvertebrate dispersers that are forced to leave 390 
drying ponds in summer (see e.g. Garrido & Munila, 2008; Florencio et al., 2009). 391 
Macroinvertebrate β-diversity in a heterogeneous pond network 392 
The macroinvertebrate β-diversity pattern reveals a diverse system mainly driven by 393 
species replacement in the pond network. Although the macroinvertebrate community 394 
of the Doñana pond network has been described as having a clear nested pattern 395 
(Florencio et al., 2011), β-diversity partitioning indicated that nestedness hardly 396 
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contributed to macroinvertebrate β-diversity. The relative importance of species 397 
replacement to β-diversity described in this study is concordant with the high number of 398 
idiosyncratic taxa-stages (59) and ponds (34) found in the area that departed from the 399 
general nested pattern (Florencio et al., 2011).  400 
We detected some species whose occurrence was associated with particular 401 
environmental conditions, supporting the role of pond environmental heterogeneity in 402 
driving species replacement. In the linkage tree, we detected ten taxa that were 403 
specialists occurring in a narrow range of environmental variability. These ten 404 
specialists, with the exception of Gerris spp. larvae, were all included in the 59 405 
idiosyncratic taxa-stages listed for the Doñana pond network (see Florencio et al., 406 
2011). Except for S. lateralis, these taxa-stages significantly contributed to the global 407 
dissimilarity of the whole macroinvertebrate community.  408 
Relationships between macroinvertebrate assemblages and pond characteristics 409 
We found similar explanatory variables influencing the macroinvertebrate community 410 
structure and the β-diversity associated with species replacement: electrical conductivity 411 
(and alkalinity as a co-variable), maximum depth, aquatic plant richness, distance from 412 
the ponds to the marsh and the coast, and two spatial descriptors. In metacommunity 413 
ecology, patterns of β-diversity are usually driven by biogeographical conditions (i.e. 414 
closer ponds should be more similar than more distant ponds as a result of species 415 
dispersal capabilities) as well as by environmental heterogeneity associated with 416 
complex processes (Leibold et al., 2004; Legendre et al., 2005). In this study, we found 417 
that one spatial descriptor as well as pond variability in alkalinity (and the co-variables 418 
electrical conductivity, pH, and ion concentration) drove the macroinvertebrate β-419 
diversity pattern via species replacement. Therefore, spatial and environmental filters 420 
are operating in community assembly via dispersal and species-sorting, respectively 421 
Page 17 of 35 Insect Conservation and Diversity
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Review Only
 18 
(Patrick & Swam, 2011). These results are concordant with Chase & Meyer (2011)’s 422 
predictions: β-diversity increases across spatial gradients in accordance with stochastic 423 
dispersal processes and β-diversity increases across environmental gradients in 424 
accordance with the niche-based theory. 425 
In this study, electrical conductivity (and co-variables) was correlated with the distance 426 
of ponds from the coast, revealing a gradual increase in water conductivity values from 427 
the north to the south of the park (82-8 800 µS cm
-1
). This conductivity gradient thus 428 
influences both the macroinvertebrate community structure and the β-diversity pattern. 429 
We also found that some species typically occurred under low conductivity conditions, 430 
e.g., A. lutescens occurred in waters with values lower than 225 µS cm
-1
. Similarly, in 431 
other temporary water systems, different species can occur across wide conductivity 432 
gradients (see e.g. Gutiérrez-Estrada & Bilton, 2010). The occurrence of different 433 
species can be favoured at different values of the conductivity gradient. For example, 434 
we observed that Heteropterans, e.g., the corixid S. lateralis, preferred southern 435 
zacallones, which exhibited the highest conductivity in the study area. In contrast, 436 
Odonatans preferred northern temporary ponds with the lowest conductivity values; for 437 
example, S. fonscolombei was observed almost exclusively in these ponds.  438 
When exploring the influence of interpond distances on macroinvertebrate assemblage 439 
structure and macroinvertebrate β-diversity, we only obtained spatial descriptors with 440 
high eigenvalues, a result that, in natural systems, signifies the involvement of broad 441 
spatial scales (Borcard & Legendre, 2002; Diniz-Filho & Bini, 2005; Griffith & Peres-442 
Neto, 2006). Therefore, in our study, only the largest interpond distances had an effect 443 
on the macroinvertebrate assemblages and thus also on macroinvertebrate β-diversity, 444 
resulting in a system with high connectivity where species demonstrated weak dispersal 445 
limitations. The excellent dispersal abilities that usually characterise species of 446 
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temporary ponds and let them cope with pond desiccation (Williams, 2006) largely 447 
contributed to the weak dispersal limitations in the study area. The Doñana pond 448 
network has already been determined to be a robust network for amphibian species, 449 
allowing them to encounter reproduction habitats even in extremely dry years (Fortuna 450 
et al., 2006); we confirm in this study that this assessment also applies to 451 
macroinvertebrate species.   452 
We identified aquatic vegetation as an important variable structuring the 453 
macroinvertebrate community and its diversity, which is concordant with other studies 454 
carried out in temporary waters (e.g. Nicolet et al., 2004; Bilton et al., 2009). Diverse 455 
vegetation offers a wide range of niches for macroinvertebrate species, with a high 456 
number of refuges for species under predation and food availability for grazers. Plant 457 
species’ architecture can influence biological processes, e.g., predator-prey interactions 458 
and the presence of oviposition sites. Hence, in this study, ponds with high aquatic plant 459 
richness harboured distinct macroinvertebrate assemblages that contributed significantly 460 
to macroinvertebrate diversity as a whole. In addition to aquatic vegetation, other biotic 461 
factors can affect the macroinvertebrate communities of temporary ponds; for instance, 462 
predators may have a seasonal effect, which could constitute an important focus for 463 
further research. 464 
Implications for conservation 465 
We demonstrate that both stochastic and deterministic ecological processes can operate 466 
together to assemble macroinvertebrates in a pond network. Stochastic processes such 467 
as dispersal only influenced the macroinvertebrate community and β-diversity at large 468 
spatial scales, which reveals the high connectivity of the system.  Environmental 469 
variability was consequently key in maintaining high biodiversity in this system. The 470 
macroinvertebrate β-diversity pattern was mainly driven by species replacement, with 471 
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different species occurring in different environments; in contrast, the contribution of 472 
nestedness to β-diversity was low. Although the Doñana pond network has been 473 
described as having a clear nested pattern, the species that most contributed to β-474 
diversity were largely idiosyncratic species and thus departed from the general nested 475 
pattern. We found that these idiosyncratic species occurred in specialised environments 476 
and were predominantly responsible for maintaining the system’s high biodiversity. In 477 
this study, we demonstrate the importance of idiosyncratic species in sustaining 478 
diversity in nested systems that contain high numbers of idiosyncratic species. 479 
Therefore, the best strategy for conservation is to preserve diverse environments across 480 
a non-fragmented habitat where species are not limited by dispersal. In other words, it is 481 
preferable to protect a wide range of diverse and interconnected ponds rather than the 482 
richest ones, which would be the conservation priority in a strictly nested system.  483 
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List of figures: 674 
Fig.1: Locations of the 80 study ponds in Doñana National Park: 46 temporary ponds, 675 
which were mainly located in the northern part of the park, 27 zacallones, which were 676 
mainly located in the southern part of the park, 6 caños, and 1 semi-permanent pond are 677 
indicated.  678 
 679 
Fig.2: Non-metric multidimensional scaling ordination of the 80 study ponds according 680 
to the pond-characteristic resemblance matrix (Euclidean distance). Temporary ponds 681 
(temp), zacallones (z), caños (caño), and the semi-permanent pond (semip) are 682 
highlighted as well as the location of ponds in southern (South) and northern (North) 683 
areas of the park. 684 
 685 
Fig.3: Linkage tree representation showing significant divisive clustering of pond 686 
macroinvertebrate assemblages constrained by the significant environmental and marsh-687 
coast distance variables detected by RDA analysis: electrical conductivity (µS cm
-1
), 688 
maximum depth (cm), distance to the coast (Km
c
), distance to the marsh (Km
m
), and 689 
plant richness (Rplant). Pond number is indicated in each split group. Each successive 690 
split is conditioned by the indicated environmental thresholds of previous splits. B% is 691 
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the contribution of each binary partition to global dissimilarity (ranged 0-100%). 692 
Capital letters indicate main taxa-stage contributors (>10% of contribution) to each split 693 
group (-A is adults, -L is larvae). R is the Spearman coefficient giving the dissimilarity 694 
value in every split.  695 
 696 
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Table 1: Significant explanatory variables emerging from redundancy analyses (RDA) 
(on the whole macroinvertebrate community and Coleoptera, Odonata, and Heteroptera 
matrices) performed independently on environmental, marsh-coast distance, and spatial 
variables 
a
  
Explanatory variables Community Coleoptera Odonata Heteroptera 
Environmental F-ratio=3.347** F-ratio=3.23** F-ratio= 4.45* F-ratio=4.85** 
EC
b 
0.34* 0.02* _ 0.25** 
Rplant
c 
0.18* _ _ 0.15** 
Max depth
d
 0.17* 0.02** n.s. 0.10* 
Pond area
e
 _ 0.03** n.s. _ 
Na
+
/Ca
2+
 ratio n.s. n.s. n.s. 0.08* 
Pond number
f
 _ _ _ 0.08* 
Alkalinity _ _ 0.05* _ 
Marsh-Coast Distance F-ratio=2.898** F-ratio=2.75** F-ratio=3.64* n.s. 
Dmarsh
g
 0.26** 0.02** 0.04* n.s. 
Dcoast
h
 0.17* 0.03** _ n.s. 
Spatial F-ratio=2.423** F-ratio=1.89* n.s. n.s. 
V5
i
 0.17* 0.02* n.s. n.s. 
V2
j
 0.15* n.s. n.s. n.s. 
a
 Values are the explained variance, indicating the magnitude of the effects of each 
significant explanatory variable, and global F-ratios; 
b 
electrical conductivity; 
c 
 plant 
richness; 
d
 maximum water depth; 
e
 pond surface area; 
f
 total number of ponds with an 
extension > 150 m
2 
into a 200m buffer area around each pond;
 g
 minimum linear 
distances from each pond to the border of the marsh; 
h
 minimum linear distances from 
each pond to the coast; 
i,j 
 eigenvectors extracted from the inter-pond distance based on 
the Moran’s eigenvector maps; *=P<0.05; **=P<0.01; n.s. non-significant variables; _ 
excluded variables. 
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Table 2: Independent effects of environmental, marsh-coast distance, and spatial 
variables on macroinvertebrate community structure and Coleoptera, Odonata, and 
Heteroptera matrices as indicated by variation partitioning analyses.  
Adj.r
2
a Community Coleoptera Odonata Heteroptera 
Environmental 0.10** 0.07** 0.04** 0.20** 
Marsh-coast distance 0.05** 0.03** n.s. _ 
Spatial 0.02** 0.01* _ _ 
a Adjusted r-squared (ranged 0-1); *=P<0.05, **=P<0.01 
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Table 3: Different multiple regression models associating macroinvertebrate β-diversity 
to the species replacement and including only spatial variables; spatial and 
environmental variables; and spatial, environmental, and marsh-coast distance variables.  
Variable rs
a
 
Spatial model r
2
=0.043** 
V1
b
 0.153** 
V5
c
 0.140** 
Spatial/environmental model r
2
=0.074** 
V1 0.077m.s. 
V5 0.139** 
Alkalinity 0.141** 
Rplant
d
 0.0949** 
Max depth
e
 0.069* 
Spatial/environmental/marsh-coast 
distance model 
r
2
=0.090** 
V1 0.080* 
V5 0.130** 
Alk 0.136** 
Rplant 0.086* 
Max depth 0.063* 
Dcoast
f 
0.094* 
Dmarsh
g 
0.084* 
a
 Coefficients of Spearman correlations, r-squared (ranged 0-1), 1000 permutations; 
b,c 
eigenvectors extracted from the interpond distance based on the Moran’s eigenvector 
maps; 
d 
plant richness; 
e 
maximum water depth;
 f 
minimum linear distances from each 
pond to the coast; 
 g 
minimum linear distances from each pond to the border of the 
marsh; * P<0.05; ** P<0.01, m.s. marginally significant (P=0.057). 
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Locations of the 80 study ponds in Doñana National Park: 46 temporary ponds, which were mainly located in 
the northern part of the park, 27 zacallones, which were mainly located in the southern part of the park, 6 
caños, and 1 semi-permanent pond are indicated.  
107x131mm (300 x 300 DPI)  
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Non-metric multidimensional scaling ordination of the 80 study ponds according to the pond-characteristic 
resemblance matrix (Euclidean distance). Temporary ponds (temp), zacallones (z), caños (caño), and the 
semi-permanent pond (semip) are highlighted as well as the location of ponds in southern (South) and 
northern (North) areas of the park.  
55x18mm (300 x 300 DPI)  
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Linkage tree representation showing significant divisive clustering of pond macroinvertebrate assemblages 
constrained by the significant environmental and marsh-coast distance variables detected by RDA analysis: 
electrical conductivity (µS cm-1), maximum depth (cm), distance to the coast (Kmc), distance to the marsh 
(Kmm), and plant richness (Rplant). Pond number is indicated in each split group. Each successive split is 
conditioned by the indicated environmental thresholds of previous splits. B% is the contribution of each 
binary partition to global dissimilarity (ranged 0-100%). Capital letters indicate main taxa-stage contributors 
(>10% of contribution) to each split group (-A is adults, -L is larvae). R is the Spearman coefficient giving 
the dissimilarity value in every split  
214x271mm (300 x 300 DPI)  
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